Introduction
============

Rice is one of the most important staple foods in the world. Improvements in grain yield from existing available land to meet the demands of rapidly growing populations present a major challenge ([@bib18]; [@bib14]; IRRI, 2008, [www.irri.org](http://www.irri.org)). Given that the land area that is available for rice cultivation is unlikely to increase significantly, there is a need to increase yields significantly. Breakthroughs in genetic improvement of rice have resulted in the availability of semi-dwarf high-yielding varieties, which have increased potential yields of rice grains worldwide ([@bib44]; [@bib29]; [@bib14]). In recently improved varieties, top-dressing with nitrogen fertilizer at the panicle formation stage increases levels of leaf nitrogen without increasing leaf area, and suppresses the reduction in leaf area index (LAI) after heading ([@bib44]; [@bib20]), resulting in improvements in light-intercepting characteristics ([@bib39]; [@bib7]; [@bib38]) and the rate of leaf photosynthesis during ripening ([@bib21]; [@bib33]).

An *indica* variety Takanari is well known as one of the most productive rice varieties in Japan. It consistently attains higher grain yield and dry matter production than new and old commercial *japonica* varieties in Japan ([@bib40]). Takanari produces 8--9 t of grain (brown rice) and 19--21 t of total dry matter per hectare under normal field conditions ([@bib31]; [@bib40]). The superiority of Takanari with respect to dry matter production is recognizable after heading. This is a cause of the higher grain yield of Takanari because ∼70% of the final carbohydrates in rice grains are derived from photosynthates that are generated after heading. This would also increase the harvest index to as high as 0.5 in Takanari compared with the *japonica* varieties examined. It was suggested that higher rates of canopy photosynthesis from heading through ripening in Takanari resulted from the enhanced light-intercepting characteristics of the canopy ([@bib42]; [@bib40]) and the higher rate of photosynthesis of individual leaves which form the canopy ([@bib42]).

Takanari maintains a high level of leaf nitrogen and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) ([@bib42]; [@bib26]; [@bib12]), and, therefore, a high rate of leaf photosynthesis compared with common varieties in Japan even at the same rate of nitrogen application. The level of leaf nitrogen is not only affected by the rate of nitrogen application but it is also influenced by the capacity for absorption of nitrogen and the partitioning of absorbed nitrogen within the plant. There are several reports on varietal differences among these properties ([@bib30]; [@bib28]; [@bib34]).

Stomatal conductance also affects the rate of leaf photosynthesis ([@bib16];[@bib10]). It was far larger in Takanari than some *japonica* varieties ([@bib42]; Ohsumi *et al.*, 2008; [@bib12]). High hydraulic conductance is responsible for a larger stomatal conductance under intense transpiration in rice plants ([@bib9]*b*). Root hydraulic conductance controls a plant\'s hydraulic conductance ([@bib4]; [@bib9]*a*) and is influenced by root surface area and root hydraulic conductivity ([@bib19]; [@bib36]). When evaluating the traits of a higher rate of leaf photosynthesis in Takanari, it would be necessary to clarify the cause of the higher level of leaf nitrogen and the larger stomatal conductance.

Identification of traits that contribute to greater production of dry matter in high-yielding varieties is vital since this would contribute significantly to the effective use of newly developed breeding methods, such as marker-assisted selection ([@bib43]). To apply quantitative trait locus (QTL) analysis effectively to rice breeding, it would be important to identify the traits responsible for the greater production of dry matter in high-yielding variety and to know when the significant difference in the traits appears between parents. For the future application of QTL analysis to incorporate the trait of a higher rate of leaf photosynthesis of Takanari into Japanese commercial varieties, the higher rate of leaf photosynthesis in Takanari has to be characterized by comparing it with that of Japanese varieties and also the heritability of the trait has to be clarified.

In the present study, rates of photosynthesis were compared as a possible explanation for varietal differences in dry matter production between Takanari and the most popular Japanese variety, Koshihikari. Plants were examined from tillering through ripening, and efforts were made to identify factors responsible for the difference by comparing the amount of accumulated nitrogen, by comparing the respective level of leaf nitrogen and the rate of leaf photosynthesis and by comparing root mass and hydraulic conductance. Then, possible reasons for the higher capacity for nitrogen accumulation in leaves and the higher capacity of stomatal conductance responsible for the higher rates of leaf photosynthesis were investigated.

Materials and methods
=====================

Materials and cultivation of plants
-----------------------------------

A high-yielding variety of rice (`Oryza sativa` L.), Takanari, and the most popular Japanese rice variety, Koshihikari, were the main varieties used. Nipponbare, Asanohikari, and Sasanishiki were also employed as Japanese commercial rice varieties when necessary. They were grown in pots with ∼12.0 l of soil per pot (12.0 l pots). Rice seedlings at the fourth leaf expansion stage were transplanted to pots filled with a mixture of alluvial soil from the Tama River and Kanto diluvial soil (1:1, v/v) at a density of four plants per hill, with three hills per pot, and grown under submerged conditions. Fertilizer was applied at rates of 1.0, 1.0, and 1.0 g per pot of N, P~2~O~5~, and K~2~O, respectively, as a basal dressing, and 0.5 g of N per pot was applied as top-dressing at the booting stage. They were grown outdoors. Pots were arranged in rows. The distance between rows and between pots in a row was ∼100 cm and 30 cm, respectively. For comparisons of the relationships between leaf nitrogen content and rates of photosynthesis, plants were grown at lower rates of basal application of nitrogen, namely 0.1 g and 0.5 g per pot, for measurements at the tillering and heading stages, respectively, and leaf nitrogen content was manipulated by top-dressing with nitrogen at different rates, ∼10 d before measurements were made. The experiment was laid out in a completely randomized design, with five replicates.

Rice plants were also grown in pots with ∼3.0 l of soil per pot (3.0 l pots) in a growth chamber (KG-50HLA;Koito Manufacturing Co. Ltd, Tokyo, Japan) under the conditions of 28 °C/23 °C day/night temperature, 60%/80% relative humidity, a 12 h photoperiod, and ∼1000 μmol m^−2^ s^−1^ photosynthetic photon flux density (PPFD) at the top of the canopy. Basal fertilizer was applied at a rate of 0.5, 0.5, and 0.5 g per pot for N, P~2~O~5~, and K~2~O, respectively, and 0.1 g of nitrogen per pot was applied to Koshihikari 10 d before measurements at the heading stage to bring the leaf nitrogen content of Koshihikari to the same as that of Takanari.

Plants which were grown in the paddy field of the University Farm at a density of 22.2 (30 cm×15 cm) hills m^−2^ with three plants per hill were also used. Barnyard manure was applied at a rate of ∼2 kg m^−2^ each year in the field. Chemical fertilizer was applied at rates of 5.0, 5.0, and 5.0 g m^−2^ of N, P~2~O~5~, and K~2~O, respectively, as basal fertilizer, and 3.0 g m^−2^ of N and K~2~O, respectively, were added as top-dressing at the panicle formation stage.

Measurements of dry weight
--------------------------

Plants were separated into leaves, leaf sheaths plus stems, panicles (after heading), and roots. The roots were washed carefully with tap water after separation from above-ground parts. Leaf area was measured with an automatic area meter (AAM-8; Hayashi Denko Co., Tokyo, Japan) immediately after separation of leaves from plants. Each group of plant parts was dried in a ventilated oven at 80 °C for \>4 d or to constant weight. The plant growth rate (PGR), net assimilation rate (NAR), and the mean leaf area (mean LA) were calculated according to [@bib1].

Measurements of the CO~2~ assimilation rate and stomatal conductance
--------------------------------------------------------------------

Rates of photosynthesis and stomatal conductance were measured with a portable photosynthesis system (LI-6400; LI-COR Inc., Lincoln, NE, USA) in leaves attached to the main stem on cloudy days between 8:00 h and 14:00 h. On clear days, measurements were completed prior to 11:00 h, before a marked reduction in the rate of photosynthesis occurred. The quantum flux density at the leaf surface, the concentration of CO~2~ in the chamber, the leaf--air vapour pressure difference, and leaf temperature were maintained at 2000 μmol m^−2^ s^−1^, 370 μmol mol^−1^, ∼1.5 kPa, and 30 °C (for plants grown outdoors) and 28 °C (for plants grown in the growth chamber), respectively. To compare the photosynthetic activity of a leaf without the effect of stomatal conductance on the rate of photosynthesis (stomatal factor), the rate of photosynthesis at the same intercellular CO~2~ concentration (*C*~i~) was also measured. The *C*~i~ was calculated as described by [@bib41].

Measurement of the nitrogen content of plants and leaves
--------------------------------------------------------

Plant samples were dried in an oven at 80 °C to constant weight. The total nitrogen concentration of each plant was determined with a CN analyser (MT-600 and MT-700 II; Yanako Inc., Kyoto, Japan) and the plant nitrogen content was expressed as the product of the plant dry weight and the nitrogen concentration.

Quantitation of the Rubisco content and the nitrogen content of individual leaves
---------------------------------------------------------------------------------

Leaves were collected immediately after completion of measurement of the rate of photosynthesis and stomatal conductance, and they were stored at --80 °C prior to analysis. The area and fresh weight of each leaf were determined and each leaf was separated into two equal parts for separate quantification of Rubisco and nitrogen. The halves of leaves were homogenized separately with a mortar and pestle in a solution that contained 50 mM TRIS-HCl (pH 7.5), 1 mM EDTA, 10 mM MgCl~2~, 10 mM 2-mercaptoethanol, and 5% (w/w) insoluble polyvinylpyrrolidone (Polyclar VT; Wako Chem., Tokyo, Japan). Each homogenate was centrifuged at 10 000 *g* for 10 min at 4 °C. The supernatant was used for quantitation of Rubisco by the single radial immunodiffusion method ([@bib37]) with rabbit polyclonal antibodies raised against purified Rubisco from rice. Nitrogen was quantified from the other halves of the leaves with a CN analyser (MT-700 II).

Determination of the hydraulic conductance and hydraulic conductivity of plants
-------------------------------------------------------------------------------

For plants grown in 3.0 l pots, plant hydraulic conductance from roots to leaves (*C*~pp~) was calculated as follows:where *S* is the number of stems of the plants, *U*~w~ is the water uptake rate of the whole plant,Ψ~s~ is the water potential of the soil immediately outside the root, and Ψ~l~ is the water potential of the uppermost three leaves. Hydraulic conductance per root surface area, referred to here as the hydraulic conductivity of a plant (*L*~p~), was measured for plants grown in pots. *L*~p~ was calculated as follows:where RA is the root surface area.

Measurements were made in the environment-controlled chamber mentioned above (KG-50HLA; Koito Manufacturing Co. Ltd) during a day (air temperature, 28 °C; relative humidity, 58--62%; and PPFD at the top leaves, ∼1000 μmol m^−2^ s^−1^). The *U*~w~ was determined from the rate of weight loss of the pot after a steady state had been reached. To prevent evaporation from the surface of the pot, the top of the pot was covered with polystyrene foam and oily clay was used to seal the gap between the foam and the stem. When the water uptake rate reached a constant value, the leaf was excised at the leaf collar immediately after covering it with a polyethylene bag. The leaf water potential of the covered whole leaf blade was measured with the pressure chamber (model 3005, Soil Moisture Equipment Inc., Santa Barbara, CA, USA) according to [@bib11]. Since rice plants were grown under submerged conditions, Ψ~s~ could be regarded as 0 when compared with Ψ~l~. After roots had been washed gently with water, the root surface area was measured with an image analyser (Win-Rhizo REG V 2004 b, Regent Inc., Quebec, Canada).

For plants grown in the paddy field, the hydraulic conductance from the soil through the roots to the flag leaf (*C*~pf~) was calculated from the following equation ([@bib11]):where *T* is the transpiration rate per leaf area at steady state. The transpiration rate of a single intact whole leaf was measured in an air-sealed acrylic assimilation chamber ([@bib11]) under natural sunlight. Air, with the dewpoint controlled to 10 (±0.1) °C, was pumped into the chamber at a rate of 6.67×10^−5^ m^3^ s^−1^. The humidity of the air that was pumped into and out of the chamber was measured with a dewpoint hygrometer (model 660, EG&G Inc., Waltham, MA, USA). When the transpiration rate reached a constant value, the water potential of the leaf was measured with a pressure chamber (model 3005, Soil Moisture Equipment Inc.).

Treatments with a polyethylene bag and leaf excision
----------------------------------------------------

To increase the stomatal conductance of the leaves of Koshihikari, polyethylene bag and leaf excision treatments were conducted. For the polyethylene bag treatment, individual leaves were covered with a transparent polyethylene bag and illuminated with an artificial cool fibre light (LA-180Me, Hayashi Watch Works, Tokyo, Japan) for 20 min. The PPFD at the surface of the bag was ∼1000 μmol m^−2^ s^−1^. The maximum leaf temperature during the polyethylene bag treatment was ∼34 °C. Immediately after removal of the bag and blotting of water drops with gauze, the rate of photosynthesis of the leaf was measured with an LI-6400 system at a CO~2~ concentration of ∼400 μmol mol^−1^ in the reference chamber. For leaf excision, after the leaf gas exchange had reached a steady state, the leaf was excised at its base with a razor blade. The rate of photosynthesis was recorded continuously after both treatments at 5 s intervals and the maximum value was determined as the value of the treatment.

Statistical analysis
--------------------

The statistical significance of the difference between two varieties and among four varieties was determined by Student\'s *t*-test and Tukey--Kramer test, respectively.

Results
=======

Dry matter and nitrogen accumulation and nitrogen partitioning to leaves
------------------------------------------------------------------------

In both varieties, total dry weight increased rapidly until the heading stage and it continued to increase, but more slowly, after heading ([Fig. 1A](#fig1){ref-type="fig"}). The superiority of Takanari over Koshihikari in terms of total dry matter production was evident from the panicle formation stage and was maintained through the ripening stage. No significant difference in shoot dry weight was apparent before the heading stage ([Fig. 1B](#fig1){ref-type="fig"}) but Takanari had significantly greater root dry weight from the panicle formation stage through ripening than that of Koshihikari ([Fig. 1C](#fig1){ref-type="fig"}). These observations indicated that the difference in dry weight at the panicle formation stage was a consequence of a difference in root growth.

![Changes in total dry weight (A), shoot dry weight (B), root dry weight (C), total nitrogen accumulation (D), and nitrogen partitioning to the leaves (E) in Takanari (filled squares) and Koshihikari (open squares) grown in 12.0 l pots. I, II, III, IV, and V represent the tillering stage (3 weeks after transplanting), the panicle formation stage (7 weeks after transplanting), the heading stage, 2.5 weeks after heading, and 4.5 weeks after heading, respectively. August 14 and 21 were the heading dates of Koshihikari and Takanari, respectively. Vertical bars represent the standard deviation (*n*=5). \*, \*\*, and \*\*\*: values are significantly different at the 5, 1, and 0.1% level, respectively.](jexboterr126f01_lw){#fig1}

Both varieties accumulated nitrogen rapidly before heading and slowly during ripening ([Fig. 1D](#fig1){ref-type="fig"}). Differences in nitrogen accumulation resembled differences in dry matter accumulation. Takanari accumulated a larger amount of nitrogen from the panicle formation stage, and the amount remained higher than in Koshihikari through the ripening stage. The relative partitioning of nitrogen to leaves decreased with growth and was somewhat lower in Takanari than in Koshihikari after heading ([Fig. 1E](#fig1){ref-type="fig"}). To compare the capacities for nitrogen accumulation of Takanari and Koshihikari, the effects of nitrogen top-dressing on the accumulation of nitrogen from tillering through ripening were examined by comparing plants with and without top-dressing ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err126/DC1) available at *JXB* online). The effects of nitrogen top-dressing at the tillering stage did not differ between the two varieties. A varietal difference in the effects of nitrogen top-dressing became evident at the heading and ripening stages. The increase in accumulated nitrogen was larger in Takanari than in Koshihikari.

The PGR of Takanari was higher than that of Koshihikari from the panicle formation stage through ripening ([Fig. 2A](#fig2){ref-type="fig"}). The higher PGR of Takanari was supported by the larger leaf area before heading ([Fig. 2C](#fig2){ref-type="fig"}) and by the higher net assimilation rate after heading ([Fig. 2B](#fig2){ref-type="fig"}).

![Plant growth rate (PGR; A), net assimilation rate (NAR; B), and mean leaf area (mean LA; C) in Takanari (filled squares) and Koshihikari (open squares) grown in 12.0 l pots. In this figure, T-I, I-II, II-III, III-IV, and IV-V represent the growth period from transplanting to the tillering stage (3 weeks after transplanting), from tillering to the panicle formation stage (7 weeks after transplanting), from panicle formation to the heading stage, from heading to 2.5 weeks after heading, and from 2.5 weeks after heading to 4.5 weeks after heading, respectively. A statistical comparison could not be applied to the growth analysis because the experiments were conducted with five replicates and one replicate consists of one pot with no correspondence among pots.](jexboterr126f02_lw){#fig2}

Levels of leaf nitrogen and rates of leaf photosynthesis
--------------------------------------------------------

Leaf nitrogen content decreased at 6 weeks after transplanting, but it increased again at heading due to the nitrogen top-dressing at the booting stage ([Fig. 3A](#fig3){ref-type="fig"}). No significant difference between the two varieties, in terms of leaf nitrogen content, was apparent at the tillering and panicle formation stages. The leaf nitrogen content of Takanari became significantly higher than that of Koshihikari after heading. The rate of leaf photosynthesis in Takanari was higher than that in Koshihikari from the panicle formation stage through the ripening stage after no difference in the rate at the tillering stage ([Fig. 3B](#fig3){ref-type="fig"}).

![Changes in leaf nitrogen content (A) and the rate of leaf photosynthesis at an ambient CO~2~ concentration of 370 μmol mol^−1^ (B) of the uppermost fully expanded leaf in Takanari (filled squares) and Koshihikari (open squares) grown in 12.0 l pots. Measurements at heading were taken when a panicle of a main stem emerged completely. Vertical bars represent the standard deviation (*n*=5). For explanations of I, II, III, IV, V, and asterisks, see the legend of [Fig. 1](#fig1){ref-type="fig"}.](jexboterr126f03_lw){#fig3}

The relationship between the rates of leaf photosynthesis and leaf nitrogen content was examined. The rates of leaf photosynthesis at an ambient CO~2~ concentration of 370 μmol mol^−1^ were closely correlated to leaf nitrogen content for each variety at the tillering and full-heading stages ([Fig. 4](#fig4){ref-type="fig"}). At the tillering stage, there was no varietal difference in the relationship between Takanari and Koshihikari ([Fig. 4A](#fig4){ref-type="fig"}). However, the rate of leaf photosynthesis at the heading ([Fig. 4B](#fig4){ref-type="fig"}) and ripening stages (data not shown) was higher in Takanari than in Koshihikari over all the leaf nitrogen contents examined. The stomatal conductance at an ambient CO~2~ concentration of 370 μmol mol^−1^ in Takanari was also greater than that in Koshihikari at an identical nitrogen content ([Fig. 5A](#fig5){ref-type="fig"}). In the two varieties, the rate of photosynthesis at an intercellular CO~2~ concentration of 280±2 μmol mol^−1^ in terms of leaf nitrogen content was very similar both at the heading ([Fig. 5B](#fig5){ref-type="fig"}) and at the ripening stage (data not shown). This means that the leaf photosynthetic activity was very similar at an identical nitrogen content of a leaf in the two varieties. The level of leaf Rubisco in terms of leaf nitrogen content was also very similar in the two varieties ([Fig. 5C](#fig5){ref-type="fig"}). These results indicate that the higher rates of photosynthesis after heading might have been due to the higher stomatal conductance as well as the higher nitrogen content of a leaf.

![Relationships between leaf nitrogen content and rates of photosynthesis at an ambient CO~2~ concentration of 370 μmol mol^−1^ at the tillering stage (A) and at the heading stage (B) in Takanari (filled circles) and Koshihikari (open circles) grown in 12.0 l pots. Measurements at heading were taken when a panicle of a main stem emerged completely. Vertical and horizontal bars represent the standard deviation (*n*=5). Values of r~1~ and r~2~ represent correlation coefficients for Takanari and Koshihikari, respectively, and asterisks \*\*\* represent significance at the 0.1% level.](jexboterr126f04_lw){#fig4}

![Relationships between (A) stomatal conductance at an ambient CO~2~ concentration of 370 μmol mol^−1^, (B) rates of photosynthesis at an intercellular CO~2~ concentration of 280±2 μmol mol^−1^, and (C) Rubisco content and the leaf nitrogen content of the flag leaf at the heading stage in Takanari (filled circles) and Koshihikari (open circles) grown in 12.0 l pots. Measurements were taken when a panicle of a main stem emerged completely. Vertical and horizontal bars represent the standard deviation (*n*=5). Values of r~1~ and r~2~ represent correlation coefficients for Takanari and Koshihikari, respectively, and asterisks \*\*\* represent significance at the 0.1% level.](jexboterr126f05_lw){#fig5}

Leaf water potential, root surface area, hydraulic conductance, and hydraulic conductivity
------------------------------------------------------------------------------------------

The rate of leaf photosynthesis, leaf water potential, and hydraulic conductance was compared between Takanari and Koshihikari by using leaves with almost the same nitrogen content at the full-heading and tillering stages. When compared at the heading stage, the rate of leaf photosynthesis was still higher in Takanari than in Koshihikari ([Table 1](#tbl1){ref-type="table"}). The water potential of the flag leaf in Koshihikari decreased significantly compared with that in Takanari despite the fact that plants of both cultivars were growing under submerged soil conditions and the leaf--air vapour pressure difference was as low as 1.5 kPa. There was no difference between Koshihikari and Takanari in terms of the relationship between the intercellular CO~2~ concentration and the rate of photosynthesis ([Fig. 6](#fig6){ref-type="fig"}). This indicates that the higher rate of photosynthesis in Takanari at an ambient CO~2~ concentration of 370 μmol mol^−1^ was due to the larger stomatal conductance of Takanari. After leaves had been covered with transparent polyethylene bags for 20 min under an irradiance of ∼1000 μmol photons m^−2^ s^−1^, the rate of leaf photosynthesis in Koshihikari increased to the level of that in Takanari at the heading stage as a result of significant increases in stomatal conductance because of high humidity and a low CO~2~ concentration inside the bag, while increases in the rate of leaf photosynthesis in Takanari were not observed ([Table 1](#tbl1){ref-type="table"}). After excision of a leaf at its base and release of the hydrostatic pressure in the xylem, after leaf gas exchange had reached a steady state, the rate of photosynthesis in Koshihikari increased to that in Takanari within a few minutes at the heading stage, a phenomenon known as the 'Ivanov effect' ([@bib35]), while there was little increase in Takanari ([Fig. 7B](#fig7){ref-type="fig"}). The root surface area was ∼200% larger in Takanari than in Koshihikari at the heading stage ([Table 2](#tbl2){ref-type="table"}). The hydraulic conductance from roots to leaves (*C*~pp~) was far higher in Takanari than in Koshihikari ([Table 2](#tbl2){ref-type="table"}), while there is no difference in *L*~p~ between Koshihikari and Takanari. The larger root surface area might be responsible for the higher hydraulic conductance of Takanari.

###### 

The rate of leaf photosynthesis (*P*~**n**~), stomatal conductance (*g*~**s**~), leaf nitrogen content (N content), leaf water potential (Ψ~1~), and effects of the polyethylene bag treatment of leaves on the rate of leaf photosynthesis \[Poly(*P*~**n**~)\] and stomatal conductance \[Poly(*g*~**s**~)\] in Takanari and Koshihikari grown in 3.0 l pots at the tillering and heading stages

  Growth stage   Variety           *P*~n~ (μmol m^−2^ s^−1^)   *g*~s~ (mol m^−2^ s^−1^)   Poly(*P*~n~) (μmol m^−2^ s^−1^)   Poly(*g*~s~) (mol m^−2^ s^−1^)   N content (g m^−2^)   **Ψ**~1~
  -------------- ----------------- --------------------------- -------------------------- --------------------------------- -------------------------------- --------------------- -------------
  Tillering      Takanari (A)      30.4±1.0                    0.97±0.10                  30.1±2.4                          0.97±0.19                        1.60±0.07             --0.25±0.02
                 Koshihikari (B)   30.8±0.5                    0.79±0.04                  29.6±3.5                          1.08±0.40                        1.77±0.03             --0.26±0.02
                 A/B               0.99                        1.23                       1.02                              0.90                             0.91                  0.95
                                   NS                          \*                         NS                                NS                               \*                    NS
  Heading        Takanari (A)      19.1±0.7                    0.78±0.16                  19.1±1.3                          0.89±0.07                        1.26±0.07             --0.18±0.03
                 Koshihikari (B)   16.5±0.7                    0.44±0.04                  18.0±0.7                          0.73±0.08                        1.31±0.03             --0.42±0.04
                 A/B               1.15                        1.78                       1.06                              1.22                             0.96                  0.43
                                   \*\*\*                      \*\*                       NS                                \*                               NS                    \*\*\*

The uppermost fully expanded leaves were used for measurements. Measurements at the heading were taken when a panicle of a main stem emerged completely. \*, \*\*, and \*\*\* indicate asignificant difference at the 5, 1, and 0.1 % level, respectively, between two varieties. NS, non-significant.

###### 

Leaf area, root length, root surface area, hydraulic conductance (*C*~pp~), and hydraulic conductivity (*L*~p~) of Takanari and Koshihikari grown in 3.0 l pots at the tillering and heading stages

  Growth stage   Variety           Per hill    A/C (m^2^ m^−2^)   Per stem                            
  -------------- ----------------- ----------- ------------------ ----------- ----------- ----------- -----------
  Tillering      Takanari (A)      0.13±0.01   0.64±0.05          0.47±0.02   0.27±0.03   0.12±0.01   5.62±1.03
                 Koshihikari (B)   0.11±0.02   0.72±0.09          0.46±0.08   0.25±0.01   0.10±0.01   5.26±0.54
                 A/B               1.12        0.89               1.03        1.09        1.24        1.07
                                   NS          NS                 NS          NS          \*          NS
  Heading        Takanari (A)      0.15±0.02   2.56±0.44          1.80±0.29   0.08±0.01   0.33±0.02   2.95±0.51
                 Koshihikari (B)   0.19±0.03   1.34±0.12          0.89±0.04   0.18±0.01   0.13±0.01   3.28±0.10
                 A/B               0.81        1.92               2.04        0.44        2.50        0.90
                                   NS          \*                 \*          \*\*        \*\*\*      NS

\*, \*\*, and \*\*\* indicate a significant difference at the 5, 1, and 0.1% level, respectively, between two varieties. NS, non- significant.

![Rates of photosynthesis plotted against the intercellular CO~2~ concentration of the flag leaf with a similar nitrogen content at the heading stage in Takanari (filled circles) and Koshihikari (open circles) grown in 3.0 l pots. Black (Takanari) and white (Koshihikari) arrows indicate the rates at an ambient CO~2~ concentration of 370 μmol mol^−1^. Measurements were taken when a panicle of a main stem emerged completely.](jexboterr126f06_lw){#fig6}

![Changes in rates of photosynthesis after excision of leaves of Takanari (filled circles) and Koshihikari (open circles) that had been grown in 3.0 l pots as determined at the tillering (A) and the heading (B) stages. Each leaf was excised at the base of the leaf blade after leaf gas exchange had reached a steady state. An ambient CO~2~ concentration and the leaf--air vapour pressure difference were kept at 370 μmol mol^−1^ and ∼1.5 kPa, respectively, before leaf excision, but they were not controlled after excision. Measurements at heading were taken when a panicle of a main stem emerged completely. Inserted tables show the rates of leaf photosynthesis of Takanari (Tak) and Koshihikari (Kosh) before and after excision (mean ±SD, *n*=3). An asterisk \* indicates a significant difference at the 5% level between two varieties. ns: no significant difference.](jexboterr126f07_lw){#fig7}

In contrast, no differences were observed in the rate of leaf photosynthesis before and after leaves had been covered with transparent polyethylene bags and in leaf water potential between Koshihikari and Takanari at the tillering stage ([Table 1](#tbl1){ref-type="table"}). Also no clear increases in the rate of leaf photosynthesis after leaf excision were observed in Koshihikari or Takanari at the tillering stage ([Fig. 7A](#fig7){ref-type="fig"}). The *C*~pp~ in Takanari was large compared with that in Koshihikari, but the difference was small at the tillering stage and there was also no difference in root surface area between the varieties ([Table 2](#tbl2){ref-type="table"}).

Comparisons of the rate of leaf photosynthesis in terms of leaf nitrogen content and hydraulic conductance with other Japanese varieties
----------------------------------------------------------------------------------------------------------------------------------------

The rate of leaf photosynthesis was compared in terms of leaf nitrogen and the hydraulic conductance of Takanari with other Japanese commercial varieties at the heading to ripening stages. The rate of leaf photosynthesis was high in Takanari compared with Nipponbare and Asanohikari, as well as Koshihikari, even at identical nitrogen contents of a leaf ([Fig. 8](#fig8){ref-type="fig"}). The hydraulic conductance was also large in Takanari compared with Nipponbare and Sasanishiki, as well as Koshihikari ([Fig. 9](#fig9){ref-type="fig"}).

![Relationships between leaf nitrogen content and the rate of flag leaf photosynthesis at the ambient CO~2~ concentration of 370 μmol mol^−1^ in Takanari (filled circles) and common Japanese varieties, Asanohikari (filled triangles) and Nipponbare (open triangles), as well as Koshihikari (open circles) grown in 12.0 l pots at the heading stage. Measurements were taken when a panicle of a main stem emerged completely.](jexboterr126f08_lw){#fig8}

![Hydraulic conductance (*C*~pf~) of Takanari (Tak) and common Japanese varieties, Sasanishiki (Sasa), Nipponbare (Nip), and Koshihikari (Kosh) grown in the paddy field at the early ripening stage. Different letters represent a significant difference at the 5% level.](jexboterr126f09_lw){#fig9}

Discussion
==========

The superiority of Takanari in terms of the rate of leaf photosynthesis was apparent after the panicle formation stage and, especially, after heading ([Fig. 3B](#fig3){ref-type="fig"}). The production of heavier dry matter after heading in Takanari ([Fig. 1A](#fig1){ref-type="fig"}) might be attributable to the maintenance of a higher rate of leaf photosynthesis after heading ([Fig. 3B](#fig3){ref-type="fig"}). The greater production of dry matter by Takanari was supported by a higher NAR after heading ([Fig. 2B](#fig2){ref-type="fig"}), which was supported mainly by the elevated rate of photosynthesis of individual leaves since each pot was isolated from others and mutual shading was minimal.

The rate of leaf photosynthesis is closely correlated with leaf nitrogen content ([@bib15]; [@bib24]). The level of leaf nitrogen was always larger in Takanari after heading than in Koshihikari ([Fig. 3A](#fig3){ref-type="fig"}). It can be concluded that the higher level of leaf nitrogen in Takanari was one of the causes of the higher rates of leaf photosynthesis after heading. However, after heading, the rate of leaf photosynthesis was higher in Takanari than in Koshihikari even at the same level of leaf nitrogen ([Fig. 4B](#fig4){ref-type="fig"}; [@bib12]). This phenomenon also reflects the generally higher rate of leaf photosynthesis in Takanari.

Takanari plants accumulated larger amounts of nitrogen, but relative partitioning of nitrogen to leaves tended to be lower than in Koshihikari ([Fig. 1D](#fig1){ref-type="fig"}, [E](#fig1){ref-type="fig"}). These observations suggest that the enhanced accumulation of nitrogen might have been responsible for the higher leaf nitrogen content and, as a consequence, the higher rates of leaf photosynthesis in Takanari. The accumulation of nitrogen in plants is affected not only by the capacity of roots for nitrogen assimilation but also, in trees, by the transportation of nitrogen to shoots via the transpirational stream ([@bib5]). The transpirational uptake of water should be higher in plants with larger root systems ([@bib9]*b*) and provides a plausible explanation for the greater accumulation of nitrogen by Takanari.

Takanari accumulated significantly more nitrogen from the panicle formation stage through the ripening stage and, in particular, after heading than Koshihikari ([Fig. 1D](#fig1){ref-type="fig"}). The roots of Takanari were already significantly heavier at the panicle formation stage than those of Koshihikari ([Fig. 1C](#fig1){ref-type="fig"}). The marked varietal difference in nitrogen accumulation reflected the marked varietal difference in root weight ([Fig. 1C](#fig1){ref-type="fig"}, D). No effects of top-dressing with nitrogen on nitrogen accumulation were evident at the tillering stage when, moreover, there was no difference in root mass between Takanari and Koshihikari ([Fig. 1C](#fig1){ref-type="fig"}, [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err126/DC1) at *JXB* online). However, the effects of top-dressing with nitrogen on nitrogen accumulation were apparent and significantly greater in Takanari than in Koshihikari at heading and at the ripening stage when there was also a significant difference in root mass between the two varieties ([Fig. 1C](#fig1){ref-type="fig"}, [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err126/DC1)). From these results, the larger root mass in Takanari than in Koshihikari might be attributable to the greater accumulation of nitrogen by the former than the latter ([@bib27]; [@bib32]; [@bib40]).

In rice, rates of photosynthesis are closely associated with the level of Rubisco during ripening ([@bib23]; [@bib27]). [@bib23] also reported a close correlation between the level of Rubisco and leaf nitrogen. Not only the level of Rubisco but also the leaf nitrogen content can be limiting factors in the maintenance of a higher rate of photosynthesis ([@bib22]). Although there are several reports of comparisons of rates of photosynthesis among rice varieties (e.g. [@bib25]; [@bib6]; [@bib33]; [@bib17]; [@bib30]), none of the cited studies included a comparison of rates of photosynthesis at the same leaf nitrogen content. At the heading stage, the rate of photosynthesis and the stomatal conductance were higher in Takanari than in Koshihikari, even at the same leaf nitrogen content ([Figs 4B](#fig4){ref-type="fig"}, [5A](#fig5){ref-type="fig"}). A very small varietal difference was observed in the relationship between leaf nitrogen content and the rate of photosynthesis at an intercellular CO~2~ concentration of 280±2 μmol mol^−1^ ([Fig. 5B](#fig5){ref-type="fig"}) and no difference in the relationship between leaf nitrogen content and Rubisco content ([Fig. 5C](#fig5){ref-type="fig"}). The results suggest that the higher rate of photosynthesis in Takanari might have resulted from the greater stomatal conductance at the same level of leaf nitrogen, as reported previously by [@bib12]. A similar result was also obtained at the ripening stage (data not shown). However, there was no difference between the two varieties in the relationship between leaf nitrogen content and the rate of leaf photosynthesis at the tillering stage ([Fig. 4A](#fig4){ref-type="fig"}).

The response of rice leaf stomata is very sensitive to reductions in air humidity and leaf water potential. In an earlier study, stomatal conductance of a *japonica* variety decreased when the vapour pressure difference between the leaf and the atmosphere increased from ∼1 kPa to 1.5 kPa ([@bib10]). The vapour pressure deficit of the atmosphere usually increases to ∼1.5 kPa at ∼9:00 h on a clear day. Under such conditions, the stomata of rice leaves should start to close. Water balance in a plant is greatly affected by the plant hydraulic conductance. That is, with the increase in transpiration, leaf water potential decreases in plants with small hydraulic conductance compared with plants with large hydraulic conductance. The critical water potential for stomatal closure is very high in rice compared with other crop plants ([@bib10]; [@bib8]). This might be a reason why the hydraulic conductance affects stomatal conductance significantly.

The increase in the rate of leaf photosynthesis was large in Koshihikari leaves after the polyethylene bag ([Table 1](#tbl1){ref-type="table"}) and leaf excision ([Fig. 7B](#fig7){ref-type="fig"}) treatments at the heading stage. When leaves were subected to treatment with a polyethylene bag, stomatal conductance increased significantly in Koshihikari due to the conditions of high humidity and, probably, of decreased CO~2~ concentration, and any difference in the rate of photosynthesis between the varieties was not observed at the same level of leaf nitrogen ([Table 1](#tbl1){ref-type="table"}). Results of the polyethylene bag treatment indicate that the rate of leaf photosynthesis of Koshihikari could increase to that of Takanari when stomatal conductance increases. When the hydrostatic pressure in leaf xylem was released with the leaf excision treatment, the rate of leaf photosynthesis of Koshihikari increased to that of Takanari ([Fig. 7B](#fig7){ref-type="fig"}). In contrast, any significant increase in the rate of leaf photosynthesis was not observed in Takanari. Results of the leaf excision treatment indicate that the rate of leaf photosynthesis of Koshihikari could increase to that of Takanari when the hydrostatic pressure in xylem decreases, or leaf water potential increases. Leaf water potential decreased significantly in Koshihikari with a low hydraulic conductance compared with Takanari which has a higher hydraulic conductance ([Tables 1](#tbl1){ref-type="table"}, [2](#tbl2){ref-type="table"}). In contrast, no increase in the rate of leaf photosynthesis after the polyethylene bag and leaf excision treatments was observed in Koshihikari or in Takanari at the tillering stage ([Fig. 7A](#fig7){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}). Leaf water potential was kept high in both varieties ([Table 1](#tbl1){ref-type="table"}).

These observations indicate that stomata had already started to close in Koshihikari at the heading stage as a result of water stress, even under the mild condition of a vapour pressure deficit of ∼1.5 kPa, while those of Takanari remained open. In contrast, at the tillering stage leaf water potential and, therefore, stomatal conductance were kept high in Koshihikari as well as Takanari, and there was no significant difference in the rate of leaf photosynthesis between them ([Tables 1](#tbl1){ref-type="table"}, [2](#tbl2){ref-type="table"}).

The rate of leaf photosynthesis was also larger in Takanari with larger hydraulic conductance than that of other *japonica* varieties with smaller hydraulic conductance ([Figs 8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}). [@bib2] found that, in an analysis of 43 plant species, the maximum rate of photosynthesis was correlated both with the distance between veins and the leaf surface and with the hydraulic conductance of the leaf. The present results confirm, in rice, the importance of hydraulic conductance in defining photosynthetic capacity ([@bib3]).

The hydraulic conductance in entire rice plants is determined mainly by the conductance of the roots ([@bib9]*a*). Since the axial conductance of roots is very large compared with the radial conductance, root hydraulic conductance can be considered to be derived from two components: root hydraulic conductivity (*L*~pr~, conductance per root surface area) and root surface area ([@bib36]). It might be possible to use *L*~p~, calculated in this research, in comparing *L*~pr~. Since there was no difference in *L*~p~ between Koshihikari and Takanari, root surface area might be attributable to the difference in hydraulic conductance between them at the full-heading stage. Differences in root mass might explain differences in rates of leaf photosynthesis via the involvement of plant hydraulic conductance. The regulation mechanisms and genetic mechanisms will be the focus of future studies.

Conclusion
==========

A high-yielding variety of *indica* rice, Takanari, accumulates larger amounts of nitrogen and has a higher rate of leaf photosynthesis from the panicle formation through the ripening stages, subsequent to formation of a large root system at the panicle formation stage, than a *japonica* variety, Koshihikari. These properties of Takanari explain its higher grain yield, dry matter production, and harvest index. As illustrated in [Fig. 10](#fig10){ref-type="fig"}, the higher rate of photosynthesis in Takanari appeared to result from both the greater leaf nitrogen content and the greater stomatal conductance than those in Koshihikari even under the same application of nitrogen and at the same level of leaf nitrogen, respectively. The characteristics of the increased nitrogen uptake and hydraulic conductance might be caused by the larger root surface area and this might be a cause of the higher rate of leaf photosynthesis in Takanari. The larger root surface area of Takanari might be a target trait in future rice breeding for increasing dry matter production through the improvement of the rate of leaf photosynthesis.

![A schematic to illustrate how the high-yielding *indica* variety, Takanari, achieves a higher rate of leaf photosynthesis than other *japonica* varieties.](jexboterr126f10_lw){#fig10}

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err126/DC1) are available at *JXB* online.

[**Table S1**](http://jxb.oxfordjournals.org/cgi/content/full/err126/DC1)**.** Effect of nitrogen top-dressing on dry weight (DW) and accumulated nitrogen (AN) at various growth stages in rice plants grown in 12.0 l pots.
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